Objective-To determine the role of monocyte chemoattractant protein-1 (Mcp-1) on the progression of visceral fat-induced atherosclerosis. Methods and Results-Visceral fat inflammation was induced by transplantation of perigonadal fat. To determine whether recipient Mcp-1 status affected atherosclerosis induced by inflammatory fat, apolipoprotein E-deficient (ApoE
O besity is associated with an increased risk for cardiovascular disease. 1, 2 This risk is primarily due to central or visceral adiposity, and it is associated with systemic markers of inflammation. 3, 4 Features of adipose depots that may confer increased cardiovascular risk include leukocyte infiltration with evidence of increased adipose tissue macrophage activity. [5] [6] [7] Chemokines such as monocyte chemoattractant protein-1 (Mcp-1) have been shown to be elevated in plasma and adipose tissue of obese humans and animals. 8, 9 Mcp-1 expression has been shown to be higher in visceral adipose tissue depots compared with subcutaneous depots, and Mcp-1 may play a role in regulating inflammatory characteristics of adipose tissue. 10 -12 Visceral adipose tissue transplantation leads to heightened inflammation in the fat transplant and is sufficient to promote atherosclerosis in atherosclerotic-prone mice. 13 However, the specific mediator(s) of increased atherosclerosis in this model of inflammatory fat are unknown.
In the present study, we determined the role of Mcp-1 in atherosclerosis induced by visceral adipose tissue transplantation. barbital (67 mg/kg), visceral (perigonadal) adipose tissue was removed from donors, weighed, and implanted subcutaneously into 4 dorsal incisions for a total of 424Ϯ16 mg of fat per recipient. Nylon filament (6-0) was used for wound closure. An additional group of ApoE Ϫ/Ϫ mice received an equivalent amount of subcutaneous inguinal fat (440Ϯ35 mg) from Wt donor mice using the same protocol. The transplanted visceral fat represents an Ϸ60% increase in total visceral fat mass, based on previous quantitation of fat depots, 14 whereas the transplanted subcutaneous fat represents an Ϸ50% increase in the total amount of subcutaneous fat in an adult, 25 g body-weight, chow-fed C57BL/6 mouse (subcutaneous estimate based on calculation of total fat mass minus visceral and brown fat mass). 14 
Methods Mice
Eight
Bone Marrow Transplantation
Bone marrow transplantation (BMT) was performed as previously described. 15 
Measurements of Cytokines, Insulin, Glucose, Lipids, and Body Fat Percentage
Blood samples from mice were collected by retro-orbital bleeding using capillary tubes. Fat homogenates were prepared at euthanization from 100 mg of transplanted adipose tissue as described earlier. 13 Commercially available murine ELISA kits (R&D Systems, Minneapolis, Minn) were used to measure Mcp-1, osteopontin, and soluble vascular cell adhesion molecule-1 levels. Glucose was measured after overnight fast with a glucometer using test strips (Ascensia Contour, Bayer HealthCare LLC, Mishawaka, Ind) 8 weeks after the fat transplantation. At the same time point, fasted insulin levels were measured with an ELISA kit (Crystal Chem Inc., Downers Grove, Ill). Serum collected at euthanization after overnight fast was used to measure nonesterified fatty acids (Wako, Richmond, Va) and cholesterol levels (Wako) with colorimetric assays. Body fat percentage was measured using a Dual-Energy X-ray Absorptiometry scanner Lunar PIXImus2 (GE Healthcare Bio-Sciences Corp., Piscataway, NJ).
Atherosclerosis Quantitation
At the time of euthanization (24 weeks of age, 16 weeks after fat transplantation), all ApoE Ϫ/Ϫ ,Mcp-1 Ϫ/Ϫ and ApoE Ϫ/Ϫ mice (both fat-transplanted and nontransplanted control mice) were anesthetized with sodium pentobarbital (67 mg/kg), perfused with saline at physiological pressure and then fixed using formalin with a 25-gauge needle inserted into the left ventricle, at a rate of 1 mL/min. The carcass was fixed in formalin, and the arterial tree was then meticulously dissected and placed in 70% ethanol. After staining with oil red O and pinning on wax, the surface area occupied by atherosclerosis was quantitated at the aortic arch and major branches, including the brachiocephalic, carotid, and subclavian arteries to the second bifurcation using Image-Pro Plus software (Media Cybernetics). The lesion area was expressed as a percentage of total surface area examined. For analysis of the aortic root, hearts were removed from formalin fixed carcasses at the time of arterial dissection and embedded in paraffin. 16, 17 Serial sections were cut at 5-m intervals to obtain representative sections at the level of the aortic valve leaflets.
Immunohistochemistry
Macrophages in adipose tissue and aortic root cross-sections were identified using a rat anti-mouse Mac-3 monoclonal antibody (1:200 and 1:100 dilutions, respectively; BD Biosciences, San Jose, Calif).
Mac-3 (also known as CD107b and LAMP-2) is expressed on lysosomal membranes and the plasma membrane of macrophages, 18 and it has been previously used to detect macrophages on aortic valves 17 and adipose tissue. 19 Stained cells in adipose tissue were expressed as a percentage of total cells. In the aortic root, the Mac-3-positive lesion area was quantitated in randomly chosen sections between groups using the valve leaflet as a landmark using image analysis software (Image-Pro Plus, Media Cybernetics), with the observer blinded to mouse genotype.
Intravital Microscopy
The intravital microscopy model consisted of a Nikon FN1 fixed stage microscopy system with X-cite for epi-fluorescence, Photometrics Coolsnap Cascade 512B color digital camera system, and MetaMorph premier software package and computer system. Intravital microscopy was used to analyze the microcirculation of the cremaster muscle in ApoE Ϫ/Ϫ ,Mcp-1 Ϫ/Ϫ and ApoE Ϫ/Ϫ mice following fat transplantation. For analysis of cremaster vessels, mice were anesthetized with sodium pentobarbital (67 mg/kg) and positioned supine securely with tape. An incision was made in the scrotal skin to expose the left cremaster muscle, which was then removed from the surrounding fascia. A lengthwise incision was made on the ventral surface of the cremaster muscle, and the testicle and epididymis were separated from the underlying muscle and reintroduced into the abdominal cavity. The muscle was then spread over an optically clear viewing pedestal and secured along the edges with 3-0 suture. The exposed tissue was superfused with phosphate-buffered saline (pH 7.4). 20 The cremaster microcirculation was observed through the intravital microscope with a ϫ10 eyepiece and ϫ40 objective lens. To visualize white blood cells, rhodamine 6G (0.3 mg/kg) (Sigma Chemical) was injected into the tail vein immediately before visualization. At this dosage, rhodamine 6G labels leukocytes and allows detection of all rolling leukocytes. Rhodamine 6G-associated fluorescence was visualized by epi-illumination with a 510 to 560 nm emission filter. Single unbranched venules (20 to 40 m in diameter) were selected for study, and images of the microcirculation were digitally recorded. Firm leukocyte adhesion was detected if leukocytes remained stationary for 30 seconds or longer. 21 Three venules were analyzed for each mouse.
Statistical Analysis
Values are expressed as meanϮSEM. For each analysis, data were normally distributed. The statistical significance of differences between groups was determined by the Student t test. PϽ0.05 was considered significant. The authors had full access to the data and take responsibility for its integrity. All authors have read and agree with this report as written.
Results

Effect of Mcp-1 Deficiency on Visceral Fat-Induced Atherosclerosis
To determine whether Mcp-1 deficiency would attenuate the proatherogenic effect of inflammatory visceral fat, we quantified atherosclerosis by oil red O staining of the aortic trees in ApoE Ϫ/Ϫ ,Mcp-1 Ϫ/Ϫ (nϭ6) and ApoE Ϫ/Ϫ (nϭ8) mice that received Wt fat transplants. When comparing nontransplanted ApoE Ϫ/Ϫ mice (nϭ5) with their fat-transplanted littermates, there was a significant increase in atherosclerosis in transplanted ApoE Ϫ/Ϫ mice ( Figure 1 ). However, the ApoE
Mcp-1
Ϫ/Ϫ mice were completely protected against the increase in atherosclerosis induced by inflammatory visceral fat compared with nontransplanted littermate ApoE (Figure 1 ). Macrophage-rich lesion area determined from aortic root cross sections was also markedly reduced in ApoE 
Effect of Mcp-1 Deficiency on Fat Inflammation
To characterize the role of Mcp-1 deficiency on inflammation in transplanted visceral fat pads, transplanted fat pads were removed from ApoE Ϫ/Ϫ and ApoE Ϫ/Ϫ ,Mcp-1 Ϫ/Ϫ mice at the time of euthanization and analyzed for macrophage content. Wt fat transplants removed from ApoE Ϫ/Ϫ ,Mcp-1 Ϫ/Ϫ mice contained a reduced percentage of macrophages compared with Wt fat transplants removed from ApoE Ϫ/Ϫ mice ( Figure  3 ). The Mcp-1 Ϫ/Ϫ fat pads transplanted to ApoE Ϫ/Ϫ mice were also analyzed for macrophage content, and no differences were found in macrophage content compared with Wt fat pads analyzed from ApoE Ϫ/Ϫ mice (26.1Ϯ5.6 versus 38.2Ϯ4.9, respectively, PϭNS). Thus, the adipocyte Mcp-1 status does not regulate macrophage infiltration into fat in this model.
Effect of Fat Transplantation on Leukocyte-Endothelial Interactions
To determine whether visceral fat transplantation was associated with increased systemic adhesive interactions between the endothelium and leukocytes, intravital microscopy was used to visualize interactions between leukocytes and endothelial cells in ApoE 
Discussion
Obesity is an independent risk factor for cardiovascular disease. 3, 26 The mechanisms linking obesity and risk for cardiovascular disease are not completely understood. A recent large study demonstrated that central obesity, which reflects accumulation of visceral adipose tissue, is strongly associated with mortality. 27 Excess visceral adiposity has also shown to be a risk factor for prevalent atherosclerosis 3 and a trigger of markers of inflammation that are strongly associated with complications of atherosclerosis such as myocardial infarction and stroke. 28, 29 Thus, visceral adiposity may trigger a systemic inflammatory state which affects the development of atherosclerosis. The specific mediators of vascular risk associated with visceral obesity are unknown, although obese adipose tissue has been shown to express and secrete multiple factors that may promote atherosclerosis. 10,11,30 -32 To further dissect the specific role of adipose tissue on comorbidities of obesity such as vascular disease, models may be helpful in which confounding variables induced by severe obesity, such as diabetes and extreme hyperlipidemia, do not occur. Surgical implantation of adipose tissue to the dorsal surface of a mouse from a donor of the same background strain leads to a long term viable graft capable of secreting adipose-specific products, such as leptin, at physiological concentrations. 13 Transplantation of visceral but not subcutaneous adipose tissue leads to acceleration of atherosclerosis in ApoE Ϫ/Ϫ mice. 13 One of the circulating factors shown to be elevated in the visceral transplant model is Mcp-1. 13 However, whether Mcp-1 plays a role in the proatherogenic effect of inflammatory visceral fat is unknown. There are likely multiple steps in the pathway linking visceral fat inflammation and atherosclerosis that could potentially serve as therapeutic targets. For example, adipose tissue inflammation may be initiated by overnutrition causing adipocyte stress, followed by release of factors leading to leukocyte infiltration into adipose tissue. 6, 7, 33 A state of monocyte/macrophage activation may then occur, leading to release of cytokines or activated macrophages, which in turn affect the macrovascular endothelium. 33, 34 The activated macrovascular endothelium may then lead to further monocyte/ macrophage recruitment. 35, 36 Thus, there are several steps where Mcp-1 could affect the atherogenic response to inflammatory visceral adipose tissue. The goal of the current study was to determine whether Mcp-1 was a mediator of the increased atherosclerosis induced by inflammatory visceral fat.
Mcp-1 is a potential mediator of both adipose tissue inflammation 37, 38 and atherosclerosis, 39, 40 based on previous investigations. Mcp-1 deficiency in mice prone to atherosclerosis via deletion of the low-density lipoprotein receptor, apoE or overexpression of apoB is associated with protection from atherosclerosis when challenged by a high-fat diet. 39 -42 In the setting of obesity, Mcp-1 and its receptor have been shown to contribute to macrophage infiltration into adipose tissue, insulin resistance, and hepatic steatosis in some studies, 37, 38, 43 whereas other studies have not demonstrated effects of Mcp-1 on adipose tissue macrophage infiltration. 44 
Mcp-1
Ϫ/Ϫ mice maintained on a normal chow diet. Although previous studies indicate that deficiency of Mcp-1 is protective against atherosclerosis in atherosclerotic-prone mice in the absence of fat transplantation, these previous studies were performed with a Western diet challenge that induces extreme hyperlipidimia and accelerates atherosclerosis. 39 -42 Interestingly, a Western diet triggers macrophage activation, and these macrophages then exhibit enhanced adhesive characteristics and contribute to atheroma. 48 In the current study, no difference in atherosclerosis was noted between ApoE Ϫ/Ϫ and ApoE Ϫ/Ϫ ,Mcp-1 Ϫ/Ϫ mice on a normal chow diet without adipose transplantation. Following visceral adipose tissue transplantation, the proatherogenic effect of the transplanted fat was observed in ApoE Ϫ/Ϫ mice but was completely neutralized in ApoE Ϫ/Ϫ ,Mcp-1 Ϫ/Ϫ mice. Thus, the protective effect of Mcp-1 deficiency on atherosclerosis appears to require an inflammatory trigger such as a high-fat diet or inflammatory visceral adipose tissue. In the setting of visceral adipose tissue inflammation, Mcp-1 may be a regulator of vasculopathic factors released by inflammatory visceral adipose or may mediate the endothelial response of the macrovasculature to atherogenic factors produced by the fat. Although we cannot rule out a differential effect of ApoE release from the donor fat on atherosclerosis, we believe this is unlikely, as the ApoE status was the same in all donor fat pads. Interestingly, the Mcp-1 status of the donor adipocytes does not appear to play an important role in regulating macrophage infiltration into fat or in atherosclerotic lesion formation, because ApoE 
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